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INTRODUCTION

General
Composite prestressed concrete construction is an attempt to Improve the economy of, but maintain the advantages of, normal prestressed concrete. Composite concrete should combine the economy and efficiency of mass production of standardized units with the strength and ductility of monolithic structures. The potential benefits to be derived from this type of construction are threefold: (1) the strength of the cast-in-situ concrete need not be as high as that for the precast portion, (2) the prestressing force required to prestress the precast section will be less than that for the overall section, (3) the precast units can be used as permanent forms, thus eliminating costly shoring.
However, it Is essential that the precast and cast-in-situ elements of a composite member act together as a unit for all expected loading conditions. Adequate bond at the interface between the precast and the cast-in-situ elements is required to insure that the composite section realizes the same capacity as a monolithic section with similar properties. The mode of failure should be a ductile one in the event of excessive loading. The ductile behavior will provide adequate warning of impending difficulties, which may furnish opportunities to take corrective measures and prevent a catastrophic collapse. When a concrete member is properly designed, reinforcing steel provides the desired ductility. The evaluation of the shear strength at the interface between precast and cast-in-situ concrete has been the subject of some research. However, the ultimate strength of shear transfer between composite-beam elements has not been well defined because of the limited number of failures due to interface shear. Reference 1 contains a list of references to investigations of more general composite beams and to discussions of the general hypothesis of failure.
This study is an extension of the work presented in Reference 1. A special composite beam known as a "split beam" was used as a test specimen. The split-beam concept was proposed by A. Amirikian. 2 The objective of this concept Is to minimize the amount of prestressing force by prestressing only that part of the beam which will be subjected to tensile stress under live load. The Interface between the precast and cast-in-situ elements is positioned at the centrold of the composite section, where It will be required to transfer the maximum horizontal shear stresses. The design concept of split beams is presented in References 1 and 2. 
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In order to utilize the split-beam concept, the centroidal axis for the overall section was determined. This axis became the interface between the composite elements of the beam. The shape of the cross section and the selection of the interface at the centroidal axis of the overall section enhanced the possibility of interface shear failure prior to flexural or diagonal modes of failure.
That portion of the composite beam that was precast and prestressed was designated the precast element. The portion of the beam which resisted the compressive stresses under loading was cast onto the precast element and was termed the cast-in-situ element.
The prestressing cables were placed in conduits which were thin-walled steel tubing with 7/8-inch outside diameter and 0.035-inch wall thickness. The tubing was tied into position at the ends and the load points. The conduit was straight and placed at a constant depth throughout the beam length (1-1/2 inches from the bottom of the beam to the center of the conduit).
Cages were fabricated by tying stirrups to the thin-wall steel conduit as shown in the photograph of Figure 2 . Stirrups extended around the conduit and were anchored in the flange of the cast-in-situ element. These stirrups provided the primary parameter for resistance to interface shear failure. In addition to these stirrups, short intermediate ones were placed in both composite elements to strengthen the beam against a diagonal tension failure. In the specimens with no stirrups crossing the interface, only the short stirrups were used.
The test beams are designated by a letter-numeral identification according to the interface condition (for example, S1.04AI). The first letter indicates whether the interface was wire brushed, R, or trowelled smooth, S. The numeral following this letter denotes the percentage of web reinforcement crossing the interface. The letter following the numeral is the designation for the size of the stirrups crossing the interface-the letter A indicates 12-gage and B indicates 8-gage stirrups. If no stirrups crossed the interface, then 0.00 was specified and the letter referring to the size was omitted. The final letter indicates the type of failure; the letter D indicates diagonal tension, F indicates flexure, and I indicates interface shear.
Matorialt
Concrete. The mix design for the concrete was based on the recommendations given in Reference 3. The concrete was a mixture of Type III portland cament, Santa Clara River sand, and Port Hueneme city water. A cumulative gradation curve for the sand is shown in Figure 3 . Concrete mixes and strengths for all beams are listed in Table 2 . Reinforcing Steel. The prestressing cables used were seven-wire uncoated stress-relieved strands with a 7/16-inch diameter and a 0.109-square-inch area. Tensile tests indicated a stress-strain relationship which was essentially linear up to a stress of 200 ksi with a yield strength of 260 ksi as determined by the 0.2% offset method; the ultimate strength was 303 ksi. A typical stress-strain relationship for the prestressing cable is shown in Figure Table 1 . The stress-strain relationships for the web steel exhibited a long yield platear. 
Fabrication
The general evolution routine of each specimen was as follows. A cage was prepared with the appropriate stirrups tied to the rigid conduit. The cage was accurately placed in the forms for the precast element and tied into position for casting. After the precast element was cast, the exposed interface surface was finished to the desired condition of roughness. In order to avoid severe cracking or failure due to handling stresses, the forms were not removed until the concrete was 2 days old. The precast element was cured under wet aa 04 a« at Mixing and Casting. Concrete was mixed in a 6-cubic-foot-capacity mixer with a nontilting drum. To determine the weight ratios of the mixes presented in Table 2 , moisture contents were determined for samples of the sand as it was placed in the mixer. The mixing time was approximately 10 minutes. Each element and its respective control cylinders were prepared from a 6-cubic-foot batch. The slump, as recorded in Table 2 , was measured immediately after mixing. Twelve 6 x 12-inch control cylinders were cast for each precast element, and six cylinders were cast for the cast-in-situ element. Form vibrators were used to provide continuous vibration for the beams during casting, and internal vibrators were used for the control cylinders.
Prettretsing. A single prestressing strand was used as the prestressing tendon in the beams. Figure 6 shows the setup for the posttensioning of the precast element.
The prestressing force was distributed over the ends of the prestressed element by 3/4-inch bearing plates. To maintain the prestressing force in the cable, wedge-type grips were attached to the cable outside the load cell at the unjacked end. Another grip was provided between the jack and load cell at the jacking end. The prestressing technique and equipment utilized are outlined in Reference 1.
Immediately before or after the prestressing operation, six control cylinders were tested to evaluate the compressive and the splitting tensile strengths of the concrete.
Grouting. After the precast element was prestressed, it was replaced in the forms for casting the cast-in-situ element of the beam. Grout was then forced through the conduit by an air-pressure grout pump. A vertical branch of the metal conduit located about 6 inches from the end of the beam served as an inlet for the grout, while a similar branch at the opposite end of the beam was the outlet for the air that was displaced by the grout. After the grouting operation, the cast-in-situ element of the beam was cast onto the precast element. I loon completion of the grouting and casting, the prestress force in the cable was measured and recorded.
Test Equipment and Procedure
Testing Equipment. The general loading arrangement is shown in Figure 7 . Load was applied to the beam through a system of rockers, steel I-beam, and bearing plates by a hydraulic jack mounted to a rigid loading frame. The force from the jack was measured by a load cell placed between the jack and the rocker sitting on the steel I-beam. The I-beam distributed the jack force equally to two load points on the test beam through rockers and bearing plates. Strain indicators were connected to the jack load cell and to the load cell attached to the prestressing cable. The purpose of the latter losd cell was to monitor change in the prestressing cable force.
Slip between the precast and cast-in-situ elements was observed at 10 locations along the interface as shown in Figure 7 . The slip gages were cantilevered def lectometers which were constructed from small aluminum beams with strain gages attached to both sides. A typical slip gage is shown in Figure 8 . The outputs from the slip gages were channeled through a switching unit and then measured by another strain indicator.
Eight strain gages were also attached to the beam at various locations. In the middle of each shear span, two gages were cemented to the web-one on each side of the interface. To measure flexural strains, four strain gages were cemented at the midspan of the beam. Output from the strain gages were monitored by a strain indicator after being transferred through the switching unit. Deflection was measured by three 0.001-inch dial gages located at the load points and the beam midspan.
All control cylinders were tested in a 400,000-pound-capacity universal testing machine.
Test Procedure. The test beam was centered under the loading jack to avoid any difficulties resulting from eccentricity of load. After initial readings were recorded for all gages and load cells, load was incrementally applied. The test usually lasted two hours or more. Load increments were approximately 2,000 pounds before initial cracking and 1,000 pounds afterwards until failure. After each load increment was applied, readings were taken from the strain gages, slip gages, deflection gages, jack load cell, and prestress load cell. The formation of cracking and propagation of existing cracking were noted.
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Six control cylinders, three compression tests, and three splitting tensile tests were performed for each element of every beam. The stress rate for the splitting tensile tests was about 110 psi per minute and that for the compression test was approximately 36 psi per second; these rates conform to ASTM C 496-66 and ASTM C 39-66, respectively.
RESULTS AND DISCUSSION
General
Values of the measured and computed characteristics of the beams are tabulated in the various tables. Table 3 gives a list of the loads, shears, and deflections measured at initial flexural cracking and at maximum load. Sectional properties of actual beams are recorded in Table 4 . Prestress and stirrup data, as well as interface surface conditions for each beam, are given in Table 1 .
The concrete compressive and splitting tensile strength of the precast and cast-in-situ elements for each beam are listed in Table 2 The performance of the beams was compared in terms of loaddeflection characteristics, slip traits, shear strengths, and failure modes. The web reinforcement percentage, r, was correlated with the behavioral characteristics of the beams. Failure was classified in accordance with the manner of crack propagation as well as deflection and slip response. Beams S0.39AD, R0.61 BP, and R0.92BF failed in modes other than shear transfer across the interface. These beams, therefore, did not fully develop the ultimate interface shear strength at the maximum loading. The shear stress at the maximum load for these beams is expected to represent e lower bound of ultimate interface shear strength.
As was stated earlier, the split-beam specimen was used in order that the interface would be subjected to the maximum shear stress of the section. To determine if the actual cross section of each specimen satisfied that condition, the same "yardstick" was used as in Reference 1. This measure is the ratio of shear stress at the interface, VQ,/I b', to that at the centroid of the section, VQ,,, /I b', or, Qi/Q^,. This ratio, which should ideally be unity, was calculated for each specimen and was found to deviate from unity by no more than 0.001. For all practical purposes, the interface was subjected to the maximum shear stress of the cross section. After formation of the small diagonal crack in the web of the cast-in-situ element, a horizontal crack propagated from it along the interface toward the neighboring support. For beams with r of 0.41% or less, the propagation of horizontal cracking along the interface was rapid and failure followed instantly or within one load increment. These beams provided little warning of impending failure, since crocking prior to failure was minimal and the midspan deflection was only 0.45 to 0.50% of the beam length before failure. In beams with r of 0.61% or greater, three or more small localized diagonal cracks formed within the shear span in the web of the cast-in-situ element before horizontal interface cracking was observed. One or more of these cracks were observed to cross the interface and extend into the precast element. The interface cracking always initiated from diagonal cracks whether or not they crossed the interface. The interface cracking progressed with subsequent load increments. Failure was not as sudden as for beams with smaller r. The midspan deflection at failure of the beams with r of 0.61% or greater varied from 0.8 to 1.1% of the beam length. The horizontal cracks along the interface and the slippage between the two beam elements usually lead to the development of a vertical "relief" crack within 8 inches from the support. This crack started at the top surface of the cast-in-situ element and propagated downward through the web. It usually formed immediately before or simultaneously with the maximum load. By the time the relief crack had formed, the cast-in-situ element was almost ineffective in resisting the applied loading. As a result, the precast element had to carry the entire load; the bottom flange of the beam eventually crushed near the support (Figures 9 and 10 ).
An increase in stirrup area provided an increase in the margin of load-carrying capacity between the load at which horizontal cracking occurred along the interface and the maximum load. For instance, the interface cracking was visible along the shear span of beam S0.92BI at 92% of maximum load compared to the occurrence of interface cracking simultaneously with failure in beams having r equal to or less than 0.39%. Beam R0.00I failed by separation at the interface of the jacked-end shear span after the formation of a large diagonal crack across the interface at mid-shear span. Simultaneously with interface separation, a relief crack was formed in the flange of the cast-in-situ element. At failure, the load dropped to approximately zero in all beams with rough interfaces.
Prestressing-Cable Force. Before ultimate load there was usually an erratic increase in the prestressing force due to breakdown in bond, AS was stated earlier, the prestressing force was monitored at the unjacked end. For those beams which failed at the unjacked end with less than 20 kips of applied load, the prestressing force usually increased 2 kips or less at maximum load. However, the prestressing-cable force of beam R0.00I, which failed at the jacked end, decreased 1/2 kip at maximum load. In the other two beams that failed at the jacked end, S0.00I and S0.39AD, the prestressing force increased 2 kips at maximum load. For applied load in excess of 20 kips, the rate of change in the prestressing force increased. The force in the cable of beamS0.92BI increased 7 kips at maximum load, while that of beams SI .04AI, R0.61 BF, and R0.92BF increased by more than 10 kips.
Dtfltction
The load-deflection curves for all beams are plotted in Figure 12 . The deflections were taken from the gages located at the midspan of the beam. Up to the flexural cracking load, the load-deflection behavior exhibited by the various test beams was similar regardless of the degree of interface roughness and the amount of web reinforcement across the interface. Initial load-deflection slope ranged from 66.7 to 76.9 kip/in. without any trend corresponding to interface roughness or r. Beyond the flexural cracking load, increased web reinforcement crossing the interface enabled the beams to sustain higher loads and greater deflections, which produced greater toughness and the more desirable ductile fei lure.
The ratio of deflection at maximum load to that at initial flexural cracking. w u /w c , was used as a measure of ductility. Plotted in Figure 13 is a curve showing the relationship between this deflection ratio and the web reinforcement ratio. The deflection ratio increased as r was increased; the interface roughness also appeared to increase w u /w c .
In addition to the midspan deflection gage, a gage was also placed at each load point. Until interface separation became more prominent in one shear span, the observed deflections from these gages indicated the symmetry of the beam-deflection pattern. When the measured slip had reached 0.002 inch or more, a differential between the deflections measured at the load points was detected. For beams with r of 0.61% or less, the difference between the deflections at each load point was very slight before maximum load.
Ultimate Strength and Interface Shear Streaa
Interface roughness and quantity of web steel across the interface improved the integrity and strength of the interface. The ratio of the measured resistance at failure to the predicted flexural resistance was correlated to the amount of web reinforcement crossing the interface. Values of P u /P uf are tabulated in Table 3 It is interesting to note the apparent lack of effect of stirrup spacing in the interface shear resistance. For specimens S0.39AI and S0.41 Bl as well as S0.92BI and S1.04AI, the value of r is approximately jqual for each pair.
while the spacing of the 12-gage stirrups is less than half of that for the 8-gage. Noting the interface shear strengths of these specimens in Table 3 , it would appear that the stirrup spacing had little effect on the shear strength. However, for crack arresting and minimizing stress concentrations, stirrups are expected to be more effective in increasing interface shear strength if their area is distributed evenly in the shear span. For more extreme cases than those covered by the tests, it would seem likely that, for the same r, large stirrups with large spacing would be less effective than smaller stirrups more closely distributed. That is, there would be a limiting value on the spacing similar to recommendations used for web reinforcement based on diagonal tension. The establishment of this limitation should receive attention in future studies. For beams with r < 0.41%. after maximum load was attained, the resistance dropped to less than half of the maximum load. Increasing the stirrup ratio resulted in higher resistance after maximum load was attained even though slip became excessive. For example, beam S0.92BI supported 80% of the maximum load while enduring slip in excess of 0.18 inch. Slips greater than 3/16 inch were observed after maximum load before spalling of concrete or rupturing of stirrups.
SUMMARY AND CONCLUSIONS
Although the specimens were limited in number, the following observations were noted:
1. Three major types of failures were encountered: interface shear, diagonal tension, and flexure. 
